This paper describes the synthesis of acid-catalyzed chain-scission polymers and the lithographic results of these polymers in extreme ultraviolet (EUV) resist formulations. These platforms incorporate acid-catalyzed cleavable groups into the polymer backbone. Upon exposure to EUV light and bake, the polymer is transformed from high to low molecular weight segments in the exposed regions. Two polymers were made into resist formulations and tested at Lawrence Berkeley National Laboratories. One of these resists appeared to have highresolution capabilities with modulation down to 14 nm h/p lines.
Introduction
Extreme ultraviolet (EUV) lithography is a leading candidate for the 22-nm lithography node. One important challenge facing EUV resist developers is the need to simultaneously improve resolution, line-edge roughness (LER), and sensitivity. These properties, however, have been found to be inversely related, a relationship commonly referred to as the RLS trade-off [1] . To overcome the RLS trade-off, the lithographic community is investigating alternative resist platforms such as molecular glasses [2] [3] [4] , polymer-bound photoacid generators (PAGs) [5] [6] [7] , and chain-scission polymers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
We propose that chain-scission polymers offer one possible solution to the RLS trade-off. Traditional resist polymers have an acid-sensitive pendant group that is cleaved during photolithography, allowing dissolution of the polymer in alkaline aqueous developer. Chainscission polymers are polymers that undergo backbone cleavage during the photolithographic process.
This cleavage has been performed through ionizing radiation, electron beam exposure and recently, acid catalysis. Cleaving the main chain converts the polymer from a single high molecular-weight chain to many low molecularweight segments. These low molecular-weight segments would then have an increased dissolution rate in developer.
As resolution and LER requirements approach the size of polymer chains, a lithographic platform that incorporates a cleavable backbone in the resist could potentially best meet these demands.
A key example is the excellent resolution and LER performance of the chain-scission polymethylmethacrylate (PMMA) resists ( Figure  1 ) [8] [9] [10] [11] [12] [13] [14] . This resist undergoes chain scission both through ionizing radiation and electron beam exposures. Despite some compelling advantages, PMMA resists have a number of drawbacks that have prevented their widespread use, such as the need for organic solvent development, high outgassing, poor etch resistance and poor sensitivity. Other important work in this area has included polyacetals [16] [17] , self-developing polymers [18] , and non-chemically amplified polycarbonates ( Figure 1 ) [19] . Despite continuing research in these areas, organic solvent development, high outgassing levels, and achieving high molecular weights during polymerization continue to be problematic in the current literature. Figure 1 .
Examples of chain-scission polymers: PMMA, optimized PMMA-type, polyacetals, CA SelfDeveloping, Non-CA Polycarbonate. Previously, we have described the synthesis and lithographic performance of a new chainscission polyester resist based on the acidcatalyzed cleavage of tertiary esters or secondary allylic esters within the main chain of the polymer to yield olefins and carboxylic acids ( Figure 2 ) [21] . Our strategy for generating these polymers was to make polyesters through the polycondensation reaction of diols and diacyl chlorides. Although, initial attempts yielded promising results, reproducibility due to acyl chloride side reactions was a challenge.
Here, we present a new series of acid catalyzed chain scission polymers, made by the polyether condensation reaction of a diol and a di(α-chloroester). The α-chloroester functional group is much less reactive than the acyl chloride, thus allowing the chain scission polymer to be made with greater control over side reactions. In this paper, we will describe the synthesis and preliminary evaluation of a series of acid catalyzed chain scission polymers made through this polyether condensation reaction. A series of three cleavable monomers containing α-chloroester functional groups was designed and synthesized. For this polymer system to cleave, it is important to incorporate cleavable functionalities into the backbone of the polymer chains. All cleavable monomers were designed with α-chloroester functional groups on either side of an acid-cleavable moiety. In order to have a range in reactivity of the cleavable polymers, tertiary aliphatic (CM1), and benzylic (CM2,CM3) esters were incorporated into monomers (Figure 4) . Furthermore, to improve alkaline developer solubility, CM3 was designed with a protected phenol group. The most difficult step in the synthesis of these monomers was the formation of the tertiary ester. Chloroacetyl chloride and anhydride both readily undergo elimination to form the ketene under basic conditions, however our product is acid labile and can easily eliminate under acidic conditions. Monomer CM1 was made by a previously reported method of heating the appropriate diol in dilute hexane with chloroacetic anhydride [21] . Monomers CM2 and CM3 however, underwent acid catalyzed elimination under these conditions. The successful synthesis of CM2 and CM3 was ultimately accomplished by the dicyclohexylcarbodiimide (DCC) coupling of the activated tertiary esters with chloroacetic acid ( Figure 5 ) [22] . Figure 4 . The more stable aliphatic CM1 was made under acidic conditions however, the more reactive benzylic CM2 and CM3 eliminated. These more reactive monomers were made by DCC coupling.
Results and Discussion

Diphenol Linkers.
There were two diphenol linkers used in this study. In order to form polymers, a nucleophilic functionality is needed to react with the α-chloroester of the cleavable monomers. Since phenol is relatively nucleophilic, can be deprotonated under mild conditions and has relatively good etch rate, two diphenol compounds were selected for polymer synthesis: BPA and TBE . When designing a resist, it is important to design the polymer with developer solubility. TBE was designed to increase solubility of the cleaved polymer segments in alkaline developer, while the commercially available BPA was added to further improve etch resistance. Figure 5 . Two diphenol linkers, BPA and TBE. BPA is a commercially available linker which should increase etch resistance of the polymer film. TBE was designed to cleave under exposure and add solubility to exposed polymer fragments.
Polymerization Conditions
Due to the relative stability of the α-chloroester functional group, investigation of the polymerization conditions was essential. Initial attempts at polymer synthesis involved phasetransfer reactions, but this resulted in only oligomer formation (~1 KDa).
Combining reagents in N,N'-dimethylformamide (DMF) with sodium carbonate improved the molecular weight slightly (~2 KDa). When these reagents were heated, however, the clear solution became dark red and no products were recovered. Since this reaction was not deoxygenated, we think the dark color that formed was due to oxidation of the phenol monomer.
After the solution was thoroughly degassed, moderate molecular weights were achieved (5 -10 KDa).
Lithographic Evaluation
To evaluate this system of resists, two polymers were synthesized and evaluated lithographically for EUV sensitivity. Polymer A was made with tertiary aliphatic cleavable groups (CM1) while Polymer B was made with tertiary benzylic cleavable groups (CM2 and CM3) as described in Table 1 . Both polymers were formulated with PAG and base as described in the experimental section and imaged using the 0.3 numerical aperture (NA) microexposure tool at Lawrence Berkeley National Laboratories (BMET).
After exposure polymer A formed a visible latent image, however no dissolution contrast was obtained and the patterns were not visible by SEM ( Figure 6A ).
Polymer B, however, showed promising imaging, with modulation down to 14 nm h/p ( Figure 6B ). We think this high resolution was obtained due to the scission of the polymer chains.
Analysis of Results
Clearly, the image quality of the patterned features in B is poor below 40 nm h/p. The patterns appear to have serpentine deformation and a significant amount of bridging. We think both of these issues are due to the high ether content of the polymer. Serpentine Deformation. One explanation for the deformed serpentine pattern is a low film Tg. When the Tg of a material is in the rubber region, the material becomes softer and more malleable. If the Tg of these patterned lines is below room temperature, and thus in the rubber region, it is conceivable that the patterns could easily deform and generate a serpentine pattern.
It is well known in the polymer literature that Tg will often decrease as a function of thickness in thin films [23] . It is also well established that the Tg of free standing films decreases twice as fast as films on a substrate [24] , and it is thought that the air-polymer interface is the cause of this change in Tg. Once developed, a patterned line can be thought of as a free-standing film containing three polymer-air interfaces, and so the Tg should drop by a factor of 3x as pattern size decreases. The Bicerano Tg model [25] Bridging. One explanation for the bridging is polymer swelling. During development, water can diffuse into the patterned lines, resulting in swelling. If the lines swell until they touch, the 
Experimental General.
All reactions were carried out under a nitrogen atmosphere. The reagents 5-hydroxyisophthalic acid and chloroacetic anhydride were purchased from Alfa Asear. Bisphenol A (BPA) and all other reagents were purchased from Sigma Aldrich. Triethylamine was dried by distillation over potassium hydroxide pellets and stored under nitrogen with 4Å-molecular sieves. All other reagents were used as received unless otherwise specified.
Nuclear Magnetic Resonance (NMR) spectra were obtained using a Bruker 400 spectrometer. All chemical shifts are reported as parts per million (ppm) relative to residual proton peaks of the deuterated solvent. Polymer molecular weights were determined using a Waters 1525 binary high pressure liquid chromatograph (HPLC) equipped with a Styrgel HR 4E THF gel permeation column and a Waters 2487 dual λ Absorbance Detector set at 280 nm. The column was calibrated using Fluka ReadyCal Set M(p) 250-70'000 polystyrene standards.
Synthesis of 2,5-dimethylhexane-2,5-diyl bis(2-chloroacetate) (CM1)
2,5-Dimethylhexane-2,5-diol (1.462 g, 10 mmol), chloroacetic anhydride (17.098 g, 100 mmol), and hexane (198 mL) were combined in a flask equipped with a magnetic stirbar and refluxed overnight. After refluxing, the solution was cooled to room temperature and slowly quenched with aqueous 5% sodium carbonate solution. The organic phase was then washed with 5% sodium carbonate followed by brine solution. The organic phase was dried over sodium sulfate and evaporated to yield a yellow, low melting solid. 
Synthesis of 2,2'-(1,4-phenylene)bis(propane -2,2-diyl) bis(2-chloroacetate) (CM2)
1,4-Bis(2-hydroxyisopropyl)benzene (5.0 g, 25.7 mmol), chloroacetic acid (14.6 g, 155 mmol), and 4-(dimethylamino)pyridine (18.9 g, 155 mmol) were combined in a 1 L flask equipped with a stir bar and dissolved in 0.3 L of toluene (anhydrous). In a separate 200 mL flask, N, N'-dicyclohexylcarbodiimide (DCC) (31.9 g, 155 mmol) was dissolved in anhydrous toluene (100 mL). The solution containing the DCC was slowly added to the reaction flask over the course of 10 minutes and the reaction was allowed to stir for 4 hours are ambient temperature. During the 4 hours a white precipitate formed. The solution was then filtered through a short silica plug and the solvent was removed under vacuum. The crude product was then purified by chromatography.
1 H NMR (400 MHz CDCl 3 ) δ 7.33 (s, 4 H), 4.01 (s, 4 H), 1.80 (s, 12 H).
Synthesis of 2,2'-(5-hydroxy-1,3-phenylene) dipropan-2-ol
Diethyl 5-hydroxyisophthalate (4.7 g, 20 mmol) was dissolved with anhydrous diethylether (200 mL) in an oven-dried 500 mL flask equipped with a reflux condenser and stirbar. Anhydrous toluene (200 mL) was then added and the reaction was placed in an ice bath. While cooling, a bubbler was attached to the system and N 2 was bubbled through the reaction mixture for 10 minutes. Methylmagnesium bromide (3 N, 70 mL) was added drop-wise, while stirring. The reaction mixture was then removed from the ice bath and set to reflux overnight. Upon completion, the solution was cooled with an ice bath and quenched slowly with 1 N hydrochloric acid. The aqueous phase was then extracted three times with ethyl acetate, the organic phases were combined and solvent removed under reduced pressure. The crude product was then dissolved in deionized water and washed three times with methylene chloride. The methylene chloride was discarded, and the aqueous phase was then extracted three times with ethyl acetate. The solvent was removed and the compound was crystallized in dibromomethane to yield colorless needles (3.5g, 83% yield).
1 H NMR (400 MHz CD 3 NO 2 ) δ 8.56 (s, 1 H), 7.08 (s, 1 H), 6.79 (s, 2 H), 3.54 (s, 2 H), 1.44 (s, 12 H).
Synthesis of 2,2'-(5-acetoxy-1,3-phenylene) dipropan-2-ol
2,2'-(5-hydroxy-1,3-phenylene) dipropan-2-ol (2.0 g, 9.5 mmol) was dissolved in anhydrous diethylether (80 mL) and anhydrous tetrahydrofuran (20 mL) in a 250 mL roundbottom flask equipped with a stir bar. The solution was cooled using an ice bath, then triethylamine (1.9 g, 19 mmol) followed by acetic anhydride (1.9 g, 19 mmol) were added drop-wise to the flask. The solution was stirred overnight then washed three times with saturated aqueous carbonate, followed by one wash with 1 N hydrochloric acid. The organic phase was then removed under reduced pressure and the compound was crystallized in methylene chloride and hexane to produce colorless crystals.
1 H NMR (400 MHz CD 3 NO 2 ) δ 7.52 (s, 1 H), 7.07 (s, 1 H), 2.24 (s, 3 H), 1.51 (s, 12 H).
Synthesis of 2,2'-(5-acetoxy-1,3-phenylene) bis(propane-2,2-diyl)bis(2-chloroacetate) (CM3)
2,2'-(5-acetoxy-1,3-phenylene) dipropan-2-ol (7.1 g, 28 mmol), chloroacetic acid (15.9 g, 168 mmol), and 4-(dimethylamino)pyridine (20.5 g, 168 mmol) were combined in a 1 L flask equipped with a stir bar and dissolved in 0.32 L of toluene (anhydrous). In a separate 200 mL flask, N, N'-dicyclohexylcarbodiimide (DCC) (34.7 g, 168 mmol) was dissolved in anhydrous toluene (100 mL). The solution containing the DCC was slowly added to the reaction flask over the course of 10 minutes and the reaction was allowed to stir for 4 hours are ambient temperature. During the 4 hours a white precipitate formed. The solution was then filtered through a short silica plug and the solvent was removed under vacuum. The crude product was then purified by chromatography. 1 
General Polymer Synthesis
Eight total millimols of either CM1 or a combination of CM2 and CM3 were mixed with eight total millimols of TBE and BPA in a round bottom flask equipped with a stir bar and bubbler. Anhydrous N,N'-dimethylformamide (20 mL) and sodium carbonate (17.0 g ,0.16 mol) were then added and nitrogen was bubbled through the solution for 10 minutes. The reaction mixture was then heated to 60 °C and stirred for 48 hours upon which the solution was precipitated into 1 N hydrochloric acid.
The precipitate was then collected and dissolved in dimethylsulfoxide (20 mL). A solution of isopropyl alcohol (50 mL) and 0.44 mL of 28 % w/w aqueous ammonia was added slowly to the polymer solution and stirred for 1 hour. After 1 hour the solution was added drop wise to a large excess of 1 N HCl. The precipitate was then filtered and dried under vacuum.
General Resist Formulations and Imaging
Resists were prepared in ethyl lactate (EL) / propylene glycol methyl ether acetate (PGMEA) (50/50 wt%) with 3% solids.
The solid components consist of 15 wt% iodonium nonaflate photo acid generator (PAG), 1.5 wt% tetramethylammonium hydroxide and the remaining 83.5 wt% polymer. The resist solutions were filtered through a 0.22 μm polytetrafluoroethylene (PTFE) membrane filter. All post-apply bakes (PAB) were done at 110°C for 60s. Both resists were run with no post exposure bake (PEB), however resist A was also rerun with a PEB of 110 °C for 60 s with no change. The developer concentration was adjusted to produce an unexposed film thickness loss (UFTL) of 10%. For both polymers A and B, 20% isopropanol / 80% 0.26 N tetramethylammonium hydroxide solution was used.
Summary and Conclusions
We have developed a new series of lithographically active polymers. We prepared and lithographically evaluated two polymers containing either tertiary aliphatic (A) or tertiary benzylic (B) cleavable esters.
Preliminary imaging shows polymer A has poor solubility contrast and no imaging data was obtained. Polymer B shows modulation down to 14 nm, highlighting the high resolution potential of these systems.
There are two main issues with the image quality of polymer B; serpentine pattern deformation and bridging. Both of these issues can be explained by the high concentration of ether linkages in the polymer backbone.
